Basic diagnoses of summertime all-India rainfall (AIR) are conducted in an effort to evaluate the hypothesis that asserts the biennial alternation between successive strong and weak Indian monsoon summer seasons. The associations between subsets of the 10, 20, and 30 strongest and weakest monsoon seasons from 1871 to 2001, the mean rainfall in the summer seasons that precede and follow them, and the frequency with which the seasons are preceded or followed by strong (ϩ10%)/weak (Ϫ10%) or surplus (above normal)/deficient (below normal) summer monsoon rainfall are assessed. The relationships are also stratified by the presence or absence of anomalous El Niño-Southern Oscillation (ENSO) conditions. Spectral and spatial comparisons between the monsoon's bienniality and ENSO teleconnection are then conducted using Indian district rainfall and wavelet decomposition.
Introduction
Impacting global centers of population and agricultural production, variability in the Indian monsoon exists as a climate fluctuation of enormous socioeconomic importance. While the variability of all-India rainfall (AIR) is known to span a broad spectrum, the monsoon's bienniality has recently been the subject of particular attention (e.g., Meehl 1987 Meehl , 1993 Meehl , 1997 Loschnigg and Webster 2000; Loschnigg et al. 2003) . Meehl (1987) first identified the quasi-biennial signal in summertime AIR. Subsequent studies identify the spectral peak that exists in AIR between 2.5 and 3 yr and interpret it as a tendency for the monsoon to alternate often between successive ''strong'' and ''weak'' years (e.g., Loschnigg et al. 2003) , a sequence attributed to large-scale coupled land-ocean-atmosphere interactions in the Indian and Pacific Ocean regions (e.g., Meehl 1997) . Both observational (Yasunari 1990 (Yasunari , 1991 Ropelewski et al. 1992; Yasunari and Seki 1992; Kane 1995; Yang et al. 1996; Tomita and Yasunari 1996; Harzallah and Sadourny 1997; Webster et al. 1998 ) and modeling (Goswami 1998; Ogasawara et al. 1999; Kitoh et al. 1999; Chang and Li 2000; Li et al. 2001 ) studies have documented characteristics of tropical biennial variations. Numerous conceptual models of the oscillation have also been developed (Meehl 1987 (Meehl , 1993 (Meehl , 1994 Goswami 1995; Webster et al. 1998; Kawamura et al. 2001; Clarke et al. 1998; Kim and Lau 2001; Loschnigg and Webster 2000; Loschnigg et al. 2003) .
More recently, an active role for equatorial eastern Pacific Ocean interactions has also been incorporated (Meehl and Arblaster 2002a,b; Sahai et al. 2003; Wang et al. 2003) .
While hypotheses on the origins of monsoon biennial variability cite a variety of mechanisms that act over a wide range of spatial scales, the presumption of a relatively symmetric oscillation has not been widely questioned. That is, the theories largely presume, and indeed some mandate, the approximate equality between the probabilities of strong monsoon seasons being followed by weak seasons and vice versa. Moreover, many of the theories are based primarily on land-sea-atmosphere interactions in the Indian Ocean sector, viewing the role of ENSO as secondary. As episodic assessments of biennial variability remain few, many of these fundamental assumptions regarding its most basic characteristics remain unevaluated.
Here, in an effort to evaluate the episodic nature of biennial variability, very basic aspects of year-to-year variability are documented. Section 2 outlines the method and data used, while section 3 summarizes basic statistics of the summer rains that precede and succeed strong and weak monsoon seasons. Distinctions between monsoon seasons that are associated with concurrent developing ENSO events and those in which ENSO conditions are neutral are also identified. To further investigate the relationship between bienniality and ENSO, the spatial and temporal structure of bienniality and Niño-3 SST are then examined. Using wavelet decomposition, section 4 examines low-frequency fluctuation in biennial variability and compares it to that of ENSO, while section 5 presents the spatial distribution of bienniality for Indian districts and compares it to the strength of ENSO's teleconnection.
Method and data

a. Rainfall and SST data
The AIR dataset is based on area-weighted surface observations from the progressively increasing number of observing stations that have existed within India from 1871 to (Parathasarathy et al. 1994 . The data are reported at monthly intervals and are averaged here over June-September (JJAS). Only JJAS rains are considered in this study. Interannual anomalies are constructed by subtracting the JJAS climatological mean. Sea surface temperatures from the Global Sea Ice and Sea Surface Temperature dataset (GISST; Rayner et al. 1996) are also used. The data are created using a variety of techniques including EOF reconstruction and have been shown to portray reasonable ENSO variability back to the late nineteenth century, though observations in the early half of the data record are considerably less frequent than in the later half. The data are reported on a monthly 1Њ ϫ 1Њ grid from 1871 to 2001.
b. Seasonal declarations and significance testing
Strong and weak monsoon years are chosen for three thresholds of monsoon intensity to include the 10, 20, and 30 seasons of greatest and least rainfall, respectively. The choice of multiple thresholds of monsoon intensity assists in establishing the sensitivity of the results to the subjective choice of threshold. The state of the El Niño-Southern Oscillation is estimated from the absolute value of JJAS SST anomalies in the Niño-3 region (5ЊS-5ЊN, 150Њ-90ЊW) exceeding 0.7ЊC. The threshold is lower than limits used elsewhere, and SST anomalies generally associated with developed ENSO events (e.g., Kiladis and Diaz 1986) as anomalies during JJAS are generally weaker than those during boreal winters associated with fully developed ENSO events. Based upon these ENSO classifications, anomalous monsoon seasons are further delineated as seasons associated with ENSO events and seasons in which ENSO is neutral.
Basic characteristics of the seasonal groupings are shown in Table 1 . The mean rainfall anomalies associated with the groupings of the 10, 20, and 30 most anomalous seasons are 15%, 13%, and 12% for strong monsoon seasons and Ϫ20%, Ϫ16%, and Ϫ14% for weak monsoon seasons, respectively. Anomalous AIR in all groupings exceeds in magnitude the 10% threshold commonly used to denote strong and weak seasons, while classifications of ENSO agree favorably with other seasonal classifications (e.g., Climate Prediction Cen- To establish the occurrence frequency of seasons that precede and follow these basic AIR and ENSO groupings, classifications of strong, weak, surplus, and deficient seasons are also used. Seasons with rainfall above and below the climatological mean are referred to as surplus and deficient, respectively, while seasons of anomalously positive (Ͼ10%) and negative (ϽϪ10%) JJAS rains are referred to as strong and weak, respectively. Suggesting non-Gaussian characteristics of the JJAS AIR distribution, surplus monsoon seasons are found to occur substantially more frequently (56%) than deficient monsoon seasons (44%).
As the AIR distribution is likely nonnormal, the method used to assess statistical significance of groupings is based on the Monte Carlo technique rather than on Gaussian statistics. For each sample of rainfall amounts or frequency, 10 4 analogous sample groups are constructed by selecting AIR seasons at random and recompiling their statistics. The proportion of groups that exhibits similar or greater mean rainfall or frequency anomalies is then assessed. Confidence intervals of 20% correspond to groups whose anomaly characteristics occur in less than 20% of the randomly chosen sample groups. Significance levels below 20% are indicated in the text while levels below 10% are deemed strong.
Stratified associations
The existence of spectral peaks in AIR between 2.5 and 3 yr has contributed to the perception that the monsoon system is strongly biennial and, therefore, strong monsoon seasons tend to follow weak seasons and vice versa. Here the validity of these assumptions is evaluated using the AIR data record. Figure 1 shows the mean rainfall for the seasons before, during, and after the 10, 20, and 30 strongest and weakest monsoon seasons from 1871 to 2001 relative to the climatological mean. The number of events in each grouping is indicated under the ''Year 0'' values. In this consideration of both ENSO and neutral ENSO years, the average rainfall of seasons preceding the strongest monsoon seasons is indeed found to be lower than would be expected from chance (Fig. 1a) . Moreover, for the 10 strongest monsoon seasons, the probability of such low mean rainfall occurring by chance is approximately 10%. In the seasons that follow strong monsoon seasons and the seasons both before and after the weakest monsoon seasons (Fig. 1b) , the mean anomalous rainfall of the groupings is not statistically discernable from chance however.
When the associations with anomalous monsoon seasons are examined further as a function of their coincidence with (Figs. 1c,d ), and independence of (Figs. 1e,f ), ENSO, further insights are gained. As in Fig. 1 , the total number of events in each grouping is indicated below its corresponding Year 0 value. Despite the consideration of fewer samples in the ENSO subsets (Figs.  1c,d) , many of the associations that exist exhibit greater statistical significance. For La Niña years, strong monsoon seasons of all classifications exhibit a statistically significant (Ͻ6%) association with mean negative rainfall anomalies in the seasons that precede them (Fig.  1c) . The preceding seasons are also associated with positive Niño-3 SST anomalies (Table 2) . La Niña years thus appear to contribute greatly to the associations found for strong years overall (Fig. 1a) . Interestingly, however, the years that follow strong monsoon seasons during La Niña exhibit a statistically significant (Ͻ10%) persistence for two of the three monsoon classifications that are at odds with the biennial hypothesis. Thus, theories that describe a biennial oscillation of the monsoon system between its strong and weak states fail to account for important characteristics of monsoon variability associated with La Niña. In addition, the interannual persistence associated with strong monsoon seasons during La Niña has yet to be explained. Weak monsoon seasons associated with El Niño (Fig. 1d) are preceded by seasons whose mean rainfall anomaly is very small but are followed by seasons in which mean rainfall is above normal and lies at the 16% confidence interval for two of the three monsoon classifications. Following weak El Niño years, SST anomalies in the Niño-3 region are negative but small, indicating that the influence of La Niña events on the seasons following weak El Niño events, while present, is weak.
For years in which anomalous monsoons occur and ENSO conditions are near neutral (Figs. 1e,f ) , significant associations are few. Only the mean rainfall anomaly following strong monsoon seasons is found to de- viate discernibly from its climatological value, and the significance of its deviation is slight (Ͼ18%). Other years during which ENSO conditions are near neutral fail to exhibit significant bienniality. As the distribution of AIR anomalies is nonnormal, the frequency with which monsoon seasons exhibit behavior consistent with the bienniality can add further insight into the validity of the hypothesis. The frequencies with which anomalous monsoon seasons are preceded or followed by strong/weak (Ϯ10%, dark shading) or surplus/deficient (Ϯ0%, light shading) seasons in a manner consistent with the biennial hypothesis are shown in Fig. 2 . The expectation values for the frequency of strong/weak (dashed) and surplus/deficient (dotted) monsoon seasons are also shown. An important association is found to exist between strong monsoon seasons and the occurrence of both deficient and weak monsoon rains in the years that precede them, with significance between the 8% and 16% confidence limits for two of the three groupings (Fig. 2a) . Associations following strong years, and both before and after weak monsoon years, are inconsistent for the three groupings and fail to achieve strong significance. Modest probabilities of surplus and strong monsoon seasons following the weakest monsoon seasons are also found (Fig. 2b) , though their significances are also weak and lie above 14%.
As with mean values, a strong role for ENSO in monsoon bienniality is suggested from the occurrence frequency of events. For the strongest monsoon seasons associated with La Niña, a strong and statistically significant probability of preceding weak and deficient monsoon seasons is found for all groupings (Fig. 2c) . Interestingly, however, the frequency with which the seasons are followed by either deficient or weak seasons is significantly less than expectation values and lie at the 6% and 2% significance limits for the 10 and 20 strongest ENSO subsets, respectively. Thus, the yearto-year persistence in the monsoons following strong seasons suggested by mean rainfall (Fig. 1c) is also supported by the frequency distribution of monsoon seasons. In contrast, significant association between weak monsoon seasons associated with El Niño are few. Only weakly significant associations (Ͼ14%) with the frequency of surplus and strong monsoon seasons in the following year are found.
Support for the biennial hypothesis during strong and weak monsoon seasons in which ENSO conditions are neutral is also weak. The frequencies with which strong monsoons are preceded by weak or deficient rains, or are followed by weak monsoon rains, are not discernable from their expectation values (Fig. 2e) . The years following weak-neutral ENSO seasons fail to exhibit biennial characteristics that are discernable from chance ( Fig. 2f ) . Moreover, prior to weak-neutral ENSO seasons, reduced occurrences of strong monsoon seasons are found that lie at the 20% and 6% confidence limits for two of the three groupings, in opposition to the biennial hypothesis. Instances supporting bienniality include only the frequency with which deficient rains follow strong monsoon seasons (Fig. 2e) , with expectation values for two of the three groupings achieving significance between 6% and 10%. The associations with neutral ENSO years are not likely to be the spurious results of weak, unidentified ENSO events, as the mean Niño-3 SST during the year is small generally (Table 3) .
Spectral relationships and their temporal evolution
The evolution of anomalous Niño-3 SST, normalized by its interannual standard deviation, is shown in Fig.  3a , and its wavelet power spectrum using the Morlet wavelet (e.g., Torrence and Compo 1998) , global power by period, and the evolution of power in the 1.5-3-and 3-8-yr time bands are shown in Figs. 3b, 3c , and 3d, respectively. Peaks in the Niño-3 SST power spectrum occur over a broad range, with statistically significant spectral peaks spanning periods from 2 to 20 yr. Power in both the 1.5-3-and 3-8-yr time scales (Fig. 3d) has varied considerably over the past century. The time series of 1.5-3-yr variability achieves relative maxima near 1962 and 1970 and a relative minimum in the interval from 1930 to 1960, when it fails to exceed 0.3ЊC. A succession of relative minima and maxima also exist from 1870 to 1930. In the 3-8-yr time scale, a peak is reached near 1920, while other relative maxima are observed near 1940, 1955, 1972, and 1985 , and the magnitude of the average 3-8-yr variance from 1930 to 1980 in Niño-3 SST is small relatively (Fig. 3d) . In addition, coincidence between 1.5-3-and 3-8-yr variability is not strong generally.
The AIR wavelet spectrum is shown in Fig. 4 . Variability in the 1.5-3-yr band (Fig. 4d) experiences rel-
Time series of Niño-3 SST anomalies from 1871 to 1999 based on GISST, (b) its wavelet decomposition, (c) spectral peaks and 5% confidence limit (dotted line), and (d) the evolution of power in the 1.5-3-yr (solid) and 3-8-yr (dotted) spectral windows. Shading in (b) corresponds to normalized wavelet power exceeding 0.5, 1, 2, and 4. Wavelet decomposition uses the Morlet wavelet normalized by 1/ 2 ( 2 ϭ 0.54 C 2 ) and the 10% confidence limit (contour line) is indicated. The confidence limit in the wavelet spectrum is based on a red noise process with a lag-1 coefficient of 0.72. Cross-hatched regions indicate the ''cone of influence'' where edge effects can adversely impact the spectrum (e.g., Torrence and Compo 1998). ative maxima near 1900, 1920, and in the early 1970s, while average variance is below 0.3ЊC from 1920 to 1950 and prior to 1900. As for Niño-3 SST, variance in the 3-8-yr time scale is smaller generally than that in the 1.5-3-yr band, and a succession of relative minima and maxima occur across the past century. While experiencing a peak near 2.5 yr, the AIR global spectrum (Fig. 4c ) also fails to surpass the 5% confidence limit at any period and does not suggest statistically significant bienniality in the monsoon system. Comparison of the wavelet spectra for Niño-3 SST and AIR shows both similarities and differences. For the years since 1950 a strong correspondence exists between peaks in the 1.5-3-yr time series of both the AIR and Niño-3 spectra with the existence of relative maxima near 1962, 1970, and 1982 and a minimum from 1930 to 1950 . Variability in the 3-8-yr band of the systems also shows some correspondence with relative maxima occurring for both in 1972 and near 1990. Correspondence between the spectra earlier in the century is weak, however, with little covariability before 1920. The similarity of the 1.5-3-yr band in recent years suggests a strong connection between biennial variability associated with ENSO and that of the monsoon, at least in recent decades. It cannot, however, be definitively determined if the lack of correspondence in the earlier VOLUME 17 portion of the time series is due to natural variability or data issues associated with spatially and temporally sparse observations during the first half of the twentieth century.
Spatial distribution of biennial power by Indian district
In addition to the recent coincidence between the temporal characteristics of monsoon bienniality and ENSO shown in Figs. 3 and 4 , the spatial correspondence between the ENSO teleconnection and bienniality in India rainfall is also found to be strong. Figure 5 shows both the correlation of district rainfall with Niño-3 SST (Fig.  5a) , as an approximate measure of the regional strength of the ENSO-monsoon teleconnection, and the biennial power of JJAS district rainfall normalized by its standard deviation (Fig. 5b) for the 1871-2001 period. The ENSO-rainfall correlation is statistically significant across most of India with 10% confidence exceeded in all regions except the northeastern states of North and South Assam, Gangetic Western Bengal, Orissa, and the Bihar Plateau. Correlation is also weak along the southwestern Indian coast. The most strongly negative correlations lie between Ϫ0.35 and Ϫ0.45 and exist in northwestern and southeastern India. The normalized biennial (1.5-3 yr) power of Indian rainfall by district is shown in Fig. 5b . The weakest biennial power is found in the northeastern districts in which the ENSO correlation is also weak (e.g., North and South Assam, Gangetic Western Bengal, Orissa, and the Bihar Plateau). Weak bienniality exists along the southwestern Indian coast and coincides with a relative minimum in the ENSO correlation. Among the few states in which bienniality does not coincide closely with the ENSO correlation are West Uttar Pradesh and Andhra Pradesh, which lie in central-northern and southern India, respectively. Nevertheless, the broad pattern of strength in the ENSO correlation across much of northwestern and southeastern India is found to mirror generally the 1.5-3-yr variance.
Conclusions
Basic aspects of the year-to-year transitions in Indian monsoon summer rainfall have been documented based on mean rainfall and the occurrence frequency of strong and weak years, which are delineated by anomalies greater than 10%, and surplus and deficient years, which are delineated by positive and negative anomalies. The depiction of a monsoon system that alternates between successive strong and weak summer seasons is shown to be simplistic and does not adequately characterize the episodic nature of year-to-year variations. Bienniality in rainfall is found for strong monsoon seasons that accompany La Niña and the years that precede them, which are often associated with El Niño. Following weak El Niño seasons, mean summer monsoon rainfall is also found to be greater than average, though the significance of the association is only modest. Associations that violate the biennial hypothesis are also found during ENSO years. Mean rainfall in the years that follow strong La Niña seasons is significantly greater than average. Support for the existence of bienniality in mean rainfall in the summers preceding and following strong and weak monsoon seasons in which neutral ENSO conditions exist is found to be poor.
Analysis of the occurrence frequency of strong/weak and surplus/deficient monsoon seasons following the strongest and weakest monsoon seasons shows monsoon bienniality to be strong during ENSO events and weak during neutral ENSO years with important exceptions to the biennial hypothesis found in each case. Weak/ deficient monsoon seasons occur significantly more frequently than their expectation values prior to strong La Niña seasons. In addition, following weak El Niño seasons, strong rains occur more frequently than their expectation value. In opposition to the biennial hypothesis, following strong La Niña years, deficient and weak monsoon seasons occur significantly less frequently than their expectation value. During neutral ENSO conditions, evidence for bienniality is particularly poor and a significantly reduced occurrence of strong monsoon seasons preceding weak-neutral ENSO seasons is identified. Only following strong-neutral ENSO seasons is bienniality suggested, with an increased frequency of deficient seasons being found.
Wavelet decomposition further reveals the strong correspondence that exists between the low-frequency evolution of biennial power in both AIR and Niño-3 SST over the past 50 yr. While the correspondence before 1950 is found to be weak, the role played by poor sampling in the observational record is not known, and therefore definitive conclusions cannot be made. Moreover, when the spatial distribution of bienniality and the ENSO teleconnection within India is assessed, a strong correspondence is found.
The similarities in the temporal and spatial associations combined with the assessment of episodic variations thus suggest a strong correspondence between ENSO and the bienniality of the monsoon system. This analysis, while characterizing the complexity of yearto-year monsoon variations, also shows that descriptions of the monsoon system as alternating successive strong and weak states in isolation are not realistic in general. Moreover, while the findings here do not establish causality and do not preclude a role for local air-sea interactions in the Indian Ocean region on the biennial time scale, they strongly suggest that the monsoon's bienniality is inherently linked to processes in the Pacific Ocean. A challenge is therefore posed to more realistically describe the asymmetric and episodic nature of monsoon year-to-year variations than current theories allow.
